Glioblastoma is the most malignant and prevalent brain tumor in humans. It is composed of heterogenic abnormal astroglial cells that avoid differentiation, maintain proliferation, and reluctant to apoptosis. N-(4-Hydroxyphenyl) retinamide (4-HPR) induced astrocytic differentiation and increased sensitivity to interferon-gamma (IFN-γ) for apoptosis in human glioblastoma A172, LN18, and SNB19 cells. Combination of 4-HPR and IFN-γ significantly inhibited human telomerase reverse transcriptase (hTERT), cyclin dependent kinase 2 (CDK2), and survivin to upregulate caspase-8, caspase-9, and caspase-3 for increasing apoptosis in all glioblastoma cell lines. Hence, combination of 4-HPR and IFN-γ should be considered for controlling growth of different human glioblastoma cells.
The intrinsic properties of glioblastoma make it avoid immunosurveillance and proliferate extensively with strikingly high rates of genomic instability [4] . This coupled with dysregulation of cell cycle results in the formation of multinucleate, polyploid tumor cells. Retinoids are known to influence several biological processes such as growth, development, and differentiation [5, 6] . The retinoid treatment is usually associated with induction of morphological changes and prolongation of doubling time [7] . This suppression of growth by retinoid treatment does not necessarily involve cell death but arrest the tumor cells in the G1 phase of the cell cycle [8] .
N-(4-Hydroxyphenyl) retinamide, (4-HPR, also known as fenretinide), is a synthetic retinoid that has been effective in suppressing the growth of breast, ovarian, and small-cell-lung carcinomas [9] [10] [11] . Treatment with 4-HPR exerts restrictions on the cell cycle regulating cyclin dependent kinase (CDK) pathway [12] and phosphorylation of retinoblastoma protein (pRb), whose dephosphorylation results in cell cycle arrest. Inhibition of cell cycle check points would prolong the duration of cell cycle arrest, contributing to cytokine mediated activation of intrinsic apoptotic pathway.
Interferon-gamma (IFN-γ) is a homodimeric glycoprotein known to be involved in the immunosurveillance of solid tumors via a combination of lymphocyte mediated immune responses [13] . The direct mode of action of IFN-γ involves significant reduction of DNA synthesis along with induction of apoptosis [14] . The ability of IFN-γ to initiate the intrinsic and extrinsic apoptotic cascades through induction of pro-apoptotic genes along with regulation of members of the Bcl-2 family makes it a suitable candidate for combination with 4-HPR for treatment of glioblastoma.
It is now widely accepted that apoptotic signals are regulated by the members of the Bcl-2 and inhibitor-of-apoptosis protein (IAP) families. The pro-apoptotic and anti-apoptotic members of the Bcl-2 family homodimerize or heterodimerize at the mitochondrial membrane to tilt the balance between cell death and cell survival [15] . The members of the IAP family counteract the apoptotic stimuli by acting as endogenous inhibitors of caspases at a step down stream of the Bcl-2 family regulation [16] ; however, an emerging line of evidence suggests that some of the IAP members such as survivin may have a putative role in regulation of cell cycle upstream to the Bcl-2 family [17] and down regulation of survivin in response to apoptotic stimuli may activate mitochondrial pathway of apoptosis [18, 19] .
There is an urgent need to develop combination therapeutic regimens, which can prime the glioblastoma cells to down regulate the anti-apoptotic actions of the members of the Bcl-2 and IAP families and act synergistically for enhancement of apoptosis. This formed the rationale for our present study, where we sought to examine the synergistic action of 4-HPR and IFN-γ for induction of differentiation and activation of the molecular mechanisms for apoptosis in multiple glioblastoma cell lines of heterogeneous origin.
Materials and Methods

Cell cultures and treatments
Human glioblastoma A172 and LN18 cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in 1x Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (GIBCO/BRL, Grand Island, NY, USA). Another human glioblastoma SNB19 cell line was obtained from the National Cancer Institute (NCI, Bethesda, MD, USA) and maintained in DMEM/F12 medium (1:1 v/v) supplemented with 10% FBS and 1% penicillin and streptomycin (GIBCO/BRL). All cell lines were maintained in a humidified atmosphere containing 5% CO 2 at 37°C. 4-HPR (Sigma Chemical, St.
Louis, MO, USA) was dissolved in dimethyl sulfoxide (DMSO) to make a stock solution and aliquots of stock solution were stored in the dark at 70°C. To avoid light sensitivity of 4-HPR, all treatments involving it were performed under subdued lighting. All experiments included control cultures, which contained the same volume of DMSO that was used in the 4-HPR treatment for a total of 5 days. The concentration of DMSO in each experiment was always less than or equal to 0.01%, which did not induce differentiation and cell death. Cells (not treated or treated with 0.5 μM 4-HPR for 3 days) were treated with 200 units/ml IFN-γ (Calbiochem, San Diego, CA, USA) for 48 h for induction of apoptosis. Following treatments, cells were used to examine morphological features of astrocytic differentiation, apoptosis, and expression of specific proteins.
Methylene blue staining to examine induction of astrocytic differentiation
Dose-response studies were carried out to find out the optimum concentration (0.5 μM) of 4-HPR for inducing astrocytic differentiation in all the glioblastoma cell lines employed in the present study. Cells were cultured in monolayer in 9-cm diameter plates in the absence and presence of 0.5 μM 4-HPR for 5 days. At the end of the treatment, the culture medium was aspirated and cells were washed twice with ice-cold phosphate-buffered saline (PBS), pH 7.4, in the culture plate. For in situ methylene blue staining of the cells, each plate was placed on ice and 5 ml of ice-cold 95% (v/v) ethanol was added to fix the cells for 5 min. After aspirating ethanol, 5 ml of ice-cold 0.2% (v/v) methylene blue solution (prepared in 50% ethanol) was added to each of the plates. Cells were stained with methylene blue for 30 sec and washed twice with ice-cold deionized distilled water. The plates were dried in air before being examined under the light microscope at 400× magnification.
Wright staining for detection of morphological features of apoptosis
After all treatments, both adherent and non-adherent cells were collected and washed twice with PBS, pH 7.4 before being fixed in 95% ethanol. The cells were allowed to dry before being stained. Finally the morphological features of the Wright-stained cells were observed under the light microscope. The morphological features of apoptotic cells included at least one of such characteristics as cell shrinkage, chromatin condensation, and membrane-bound apoptotic bodies. At least 600 cells were counted from each treatment and percentage of apoptosis was calculated.
Extraction of protein and Western blotting
We performed these procedures as described previously [20, 21] . Briefly, protein samples were extracted from glioblastoma A172, LN18, and SNB 19 cells, resolved by the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and analyzed by Western blotting using one of the primary IgG antibodies for β-actin, Bax, Bcl-2, Bid, caspase-3, caspase-8, caspase-9, cyclin dependent kinase 2 (CDK2), glial fibrillary acidic protein (GFAP), inhibitor of caspase-3-activated DNase (ICAD), phosphorylated (Ser 780)-retInoblastoma (pRb), survivin, and human telomerase reverse transcriptase (hTERT). With the exception of antibodies for β-actin (clone 15, Sigma Chemical), caspase-9 (BD Biosciences, San Jose, CA, USA), and GFAP (Chemicon International, Temecula, CA, USA), all other antibodies were procured from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit secondary IgG antibody (ICN Biomedicals, Aurora, OH, USA) was used for detecting the primary antibody. Then, Western blots were incubated with the enhanced chemiluminescence (ECL) reagents (Amersham Pharmacia, Buckinghamshire, UK) and exposed to X-OMAT AR films (Eastman Kodak, Rochester, NY, USA). The ECL autoradiograms were scanned and optical density of each band was assessed using Quantity One software (Bio-Rad, Hercules, CA, USA).
Western blotting for determining mitochondrial release of cytochrome c into cytosol
We isolated mitochondrial and cytosolic fractions using the commercially available reagents (Pierce, Rockford, IL, USA) for determining any mitochondrial release of cytochrome c into cytosol after the treatments. The mitochondrial fractions were analyzed by Western blotting using primary IgG antibodies for cytochrome c oxidase 4 (COX4) (Molecular Probes, Eugene, OR, USA) and cytochrome c while the cytosolic fractions were analyzed using primary antibodies for β-actin and cytochrome c.
Statistical analysis
Results were analyzed using StatView software (Abacus Concepts, Berkeley, CA, USA) and compared using one-way analysis of variance (ANOVA) with Fisher's post hoc test. Data were presented as mean ± standard error of mean (SEM) of separate experiments (n ≥ 3). Significant difference from control value was indicated by *P < 0.05 or **P < 0.005.
Results
Treatment with 4-HPR induced astrocytic differentiation
The induction of astrocytic differentiation in glioblastoma cells can be characterized by morphological and biochemical features. In situ methylene blue staining of cells after treatment with 4-HPR revealed morphological changes such as small and retracted cell bodies with thin elongated and branched processes indicating astrocytic differentiation while the control cells maintained wide cell body with short processes (Fig. 1 ). We performed Western blotting to examine the changes in biochemical features of astrocytic differentiation after the treatments (Fig. 2) . Levels of β-actin were monitored to ensure equal loading of protein samples. Treatment with 4-HPR significantly increased (P<0.05) the levels of GFAP, a biochemical marker of astrocytic differentiation, in all three cell lines ( Fig. 2A) . Treatment with the combination of 4-HPR and IFN-γ significanty decreased hTERT ( Fig.  2b) , indicating induction of cell differentiation and restriction of cell division leading to cell death.
Combination of 4-HPR and IFN-γ down regulated markers of cell cycle progression
Next, we examined whether induction of astrocytic differentiation could be correlated with changes in levels of signaling molecules known to govern the G 1 phase of cell cycle. Oncogenic/mitogenic signals stimulate G 1 phase cyclins in presence of cyclin dependant kinases to phosphorylate Rb, a transcriptional repressor and critical component of the cell cycle machinery. We observed in all three cell lines that treatment with combination of 4-HPR and IFN-γ significantly decreased (P<0.005) the levels of CDK2 (Fig. 2C) with concomitant down regulation of pRb ( Fig. 2D) . Also, an interesting observation was the down regulation of survivin ( Fig. 2E ) in response to treatments with 4-HPR and IFN-γ alone and in combination, indicating the synergistic action of these agents. Results showed that treatments induced astrocytic differentiation, which in turn accentuated the process of cell cycle arrest in all three glioblastoma cell lines.
Morphological features of apoptotic cell death
The extent of apoptotic cell death was determined based on morphological features as revealed by in situ Wright staining (Fig. 3) . The characteristic features of apoptotic cells such as shrinkage of cell volume, chromatin condensation, and membrane-bound apoptotic bodies were examined after the treatments of glioblastoma A172 (Fig. 3A) , LN18 (Fig. 3B) , and SNB19 (Fig. 3C ) cells. Compared with control cells, treatment with 4-HPR caused nonsignificant change in percentage of apoptosis, IFN-γ alone showed significant increase (P<0.05) in apoptosis, and combination of 4-HPR and IFN-γ demonstrated the most significant increase (P<0.005) in apoptosis ( Fig. 3 ).
Activation of caspase-8 and proteolytic cleavage of Bid
We performed Western blotting to examine the activation of extrinsic caspase cascade after the treatments (Fig. 4) . β-Actin expression was monitored to ensure that equal amount of protein was loaded in each lane (Fig. 4A) . Treatment with combination of 4-HPR and IFN-γ significantly increased active caspase-8 fragment in all glioblastoma cell lines (Fig. 4A ). Activation of caspase-8 could cleave its substrate Bid to generate 15 kD truncated Bid (tBid), which could be translocated to mitochondria to induce the release of cytochrome c thereby activating mitochondrial pathway of apoptosis [22] . Moreover, activation of caspase cascade might be correlated with migration of cytosolic Bax to the mitochondria where it could assist tBid in releasing cytochrome c into the cytosol [23] . We found that treatment with 4-HPR and IFN-γ caused significant increases in proteolytic cleavage of Bid to tBid in all glioblastoma cell lines (Fig. 4B ).
Increase in Bax: Bcl-2 ratio and mitochondrial release of cytochrome c into cytosol
After the treatments, we examined increase in Bax:Bcl-2 to determine the commitment of cells to trigger mitochondrial release of cytochrome c into cytosol (Fig. 5 ). β-Actin expression was monitored to ensure that equal amounts of cytosolic protein samples were loaded in all lanes (Fig. 5A ). We used a monoclonal antibody that could recognize both 21 kD Baxα and 24 kD Baxβ bands (Fig. 5A ). We considered both bands in our estimation of total Bax expression. We used another monoclonal antibody to monitor the expression of 26 kD Bcl-2 protein (Fig. 5A) . Treatments with IFN-γ alone and also combination of 4-HPR and IFN-γ changed the levels of expression of pro-apoptotic Bax (total) and anti-apoptotic Bcl-2 proteins resulting in significant increases in Bax:Bcl-2 ratio in all glioblastoma cell lines (Fig. 5A ). Because increase in Bax:Bcl-2 ratio indicated mitochondrial release of cytochrome c into the cytosol, we extracted proteins from both cytosolic and mitochondrial fractions and examined alterations in the levels of cytochrome c by Western blotting. We monitored expression of COX4 as an internal control for the mitochondrial fractions in all cell lines (Fig. 5B ). Treatment of cells with 4-HPR and IFN-γ promoted significantly the disappearance of 15 kD cytochrome c from the mitochondrial fraction ( Fig. 5B ) and its concomitant apprearance in the cytosolic fraction (Fig. 5C ). Thus, the mechanism of cell death involved the mitochondrial release of cytochrome c, which could cause subsequential activation of caspase-9 and caspase-3.
Activation of caspase-9 and caspase-3 leading to cleavage of ICAD
In mitochondria-dependent pathway of apoptosis, both cytosolic protein Apaf1 and cytochrome c participate in the activation of caspase-9 that in turn processes pro-caspase-3 to generate active caspases-3 [24, 25] . Out Western blotting showed the activation of mitochondria-dependent caspase cascade (Fig. 6 ). Treatment of cells with IFN-γ alone and combination of 4-HPR and IFN-γ significant increased the amounts of active caspase-9 ( Fig.  6A ) and active caspase-3 ( Fig. 6B ) fragments in all cell lines. Increase in aspase-3 activity caused significant increase in 40 kD ICAD fragment in all the cell lines in response to treatment with combination of 4-HPR and IFN-γ (Fig. 6C ). Because of ICAD fragmentation, CAD could be set free to translocate to the nucleus for DNA fragmentation.
Based on the results of our investigation, we proposed a schematic model (Fig. 7) to show how 4-HPR and IFN-g changed different molecular events leading to differentiation and apoptosis in human glioblastoma cells.
Discussion
The results our present investigation strongly suggested that treatment of human heterogenic glioblastoma cells with 4-HPR induced astrocytic differentiation and down regulation of telomerase, CDK2, and survivin leading to increase in sensitivity to IFN-γ for activation of caspase cascades for apoptosis. Deletion of INK4a locus [26, 27] along with activation of Ras and Akt pathways can be responsible for oncogenic/mitogenic signals that lead to the dedifferentiation of the mature astroglial cells to astrocytoma [28] . Our results demonstrated that 4-HPR induced astrocytic differentiation with the down regulation of key signaling molecules to orchestrate prolongation of cell cycle arrest. Treatment of glioblastoma cells with 4-HPR triggered cell cycle arrest and thereby facilitated IFN-γ mediated activation of the apoptotic cascades.
The synthetic retinoid 4-HPR is widely used as an inducer of cellular differentiation in a wide variety of carcinomas [29] [30] [31] . One of the major advantages of using 4-HPR over other retinoids is its less toxicity profile [32] and its ability to display anti-proliferative activities at doses achievable pharmacologically [33] . Our observations suggested that 4-HPR even at a low concentration (0.5 μM) induced astrocytic differentiation in glioblastoma cells (Fig.  1 ). This phenomenon of astrocytic differentiation contributed to the down regulation of CDK2 and phosphorylation of its substrate Rb to pRb (Fig. 2) . This event has been proposed to be accompanied by an early exit from the cell cycle [34] .
The down regulation of CDK2 and pRb might be responsible for chromatin remodeling [35] that might contribute to sustained down regulation of survivin, the overexpression of which could enhance malignant potential of glioblastomas [36, 37] . One of the interesting observations made in the present study was the down regulation of survivin in glioblastoma cells after treatment with 4-HPR alone and also in combination with IFN-γ (Fig. 2) . Previous studies attributed this down regulation of survivin to upregulation of caspase-3 mediated apoptotic cascade [38, 39] . Recent studies indicate a more refined role for survivin, which is postulated to be one of the three non-enzymatic subunits required for the enzymatic function of Aurora-B kinase [40] . Aurora-B kinase constitutes the enzymatic heart of the chromosomal passenger complex, which is responsible for chromosome alignment, segregation, and cytokinesis during mitosis. The down regulation of survivin would impede the activity of Aurora-B kinase, which would result in severe mitotic abnormality and result in non-homologous separation of the chromosomes. This aphorism was substantiated by transfecting mutated surviving to cells that were then found to progress normally from G1/S to G2/M phase, but majority of the cells made an early exit from the cell cycle and remained arrested with 4N DNA content [41] .
Both hTERT and survivin genes control major steps in cancer development, ensuring indefinite cell growth and cell division [42] . Besides, hTERT and most of the genes capable of inhibiting apoptosis are located close to the telomeres in different species, suggesting that maintenance of telomeres might be connected with a correct balance of hTERT and survivin [43] . Down regulation of hTERT and survivin might contribute to prolongation of cell cycle arrest [44] and thereby contribute to activation of IFN-γ mediated apoptotic pathway.
The unique ability of 4-HPR to reduce cytokinesis at achievable pharmacological doses might contribute to the development of a new therapeutic regimen for treating glioblastoma. Further, treatment of glioblastoma cells with combination of 4-HPR and IFN-γ induced morphological features of apoptosis ( Fig. 3) , activated extrinsic caspase cascade to cause Bid cleavage to tBid (Fig. 4) , and also triggered intrinsic caspase cascade due to increase in Bax:Bcl-2 ratio and mitochondrial release of cytochrome c into the cytosol (Fig. 5) . The association of the cytosolic cytochrome c along with Apaf-1 and pro-caspase-9 contributes to the formation of apoptosome leading to activation of caspase-9 [45] , which then activates effector caspases such as caspase-3 [46] . We found that apoptosis occurred in all three glioblastoma cell lines with activation of caspase-9 as well as of caspase-3 for apoptosis, which in turn caused ICAD fragmentation (Fig. 6 ) to release CAD for its translocation to the nucleus for degradation of genomic DNA.
Conclusion
Thus, our results showed that combination of 4-HPR and IFN-γ induced astrocytic differentiation with down regulation of markers of cell proliferation, contributing to sustained cell cycle arrest and increased apoptosis in human glioblastoma cells of heterogeneous origin. In order to harness the potential of such a combination of a chemotherapeutic agent and an immunotherapeutic agent, further studies need to be conducted in animal models of glioblastoma. Morphological features of astrocytic differentiation in human glioblastoma A172, LN18, and SNB19 cells. Treatment of cells treated with 0.5 μM 4-HPR for 5 days induced morphological features such as small and retracted cell bodies with thin, elongated, and branched processes, indicating the prominence of differentiation process in these cells. Schematic presentation of molecular events leading to astrocytic differentiation and apoptosis in glioblastoma cells after treatment with combination of 4-HPR and IFN-γ. Treatment with 4-HPR could down regulate hTERT, CDK2 and pRb, which would most likely result in cell cycle arrest. Prolongation of cell cycle arrest would enhance sensitivity of the cells to IFNγ for activation of caspase cascades for apoptosis.
